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Enhanced nitric oxide inactivation in aortic coarctation-induced let inhibition [1–3]. NO plays a major role in the regulation
hypertension. of blood pressure, and NO deficiency causes hyperten-
Background. Abdominal aortic coarctation above the renal sion (HTN). Reactive oxygen species (ROS) readily re-arteries leads to severe hypertension (HTN) above the stenotic
acts with and inactivates NO, forming peroxynitrite andsite. We have recently shown marked up-regulations of endo-
other cytotoxic species that can attack and modify vari-thelial nitric oxide synthase (eNOS) in heart and thoracic aorta
and of neuronal NOS (nNOS) in the brain of rats with severe ous molecules [4–7]. For instance, peroxynitrite can react
aortic coarctation above the renal arteries. We hypothesize with free tyrosine or tyrosine residues in protein mole-
that the presence of severe regional HTN in the face of marked cules to produce nitrotyrosine [8]. Alternatively, ROSup-regulation of NO system may be partly due to enhanced
can first activate tyrosine to produce tyrosil radical,NO inactivation by reactive oxygen species (ROS) leading to
which in turn can oxidize NO to produce nitrotyrosinefunctional NO deficiency.
Methods. Tissue nitrotyrosine (which is the footprint of NO [9]. Thus, nitrotyrosine is generally considered as a foot-
interaction with ROS) was determined by Western blot in sham- print of NO-ROS interaction.
operated control and aortic-banded (above renal arteries) rats In a previous study, we examined the role of HTN, perthree weeks postoperatively. Intra-arterial pressure and tissue
se, in regulation of NO synthase (NOS) isoforms in ratsnitrotyrosine (Western blot) were measured.
with abdominal aorta banding (above the renal arteries),Results. The banded group showed a marked rise in arterial
pressure measured directly through a carotid cannula (203  which causes severe regional HTN in the arterial system
9 vs. 131  2 mm Hg, P  0.01). Compared with the sham- proximal to the coarctation while sparing the arterial tree
operated controls, the banded animals exhibited significant below the coarctation. We found marked up-regulationsincreases in nitrotyrosine abundance in the heart, brain, and
of endothelial NOS (eNOS) in the heart and the aorticthe aorta segment above the stricture. In contrast, nitrotyrosine
segment proximal to the coarctation and of nNOS in theabundance was unchanged in the abdominal aorta segment
below the stricture wherein blood pressure was not elevated. brain of the banded animals compared with the corre-
Conclusion. Coarctation-induced HTN is associated with in- sponding tissues in the sham-operated controls [10]. In
creased nitrotyrosine abundance in all tissues exposed to high contrast, eNOS protein expression remained unchangedarterial pressure, denoting enhanced ROS-mediated inactiva-
in aortic segments distal to the coarctation.tion and sequestration of NO in these sites. This can, in part,
Elevation of systemic blood pressure is associated withaccount for severe regional HTN in this model. The normality
of nitrotyrosine abundance in the abdominal aorta wherein increased ROS activity and enhanced NO inactivation
blood pressure is not elevated points to the role of baromecha- in various models of genetic and acquired HTN [11–26].
nical factors as opposed to circulating humoral factors that Given the critical role of NO in regulation of blood pres-were necessarily similar in both segments.
sure, impaired formation or accelerated inactivation of
NO can cause HTN. This viewpoint is supported by the
fact that pharmacological inhibition of NO synthases re-Nitric oxide (NO) is an important biological modula-
sults in severe HTN [27]. Based on these observations,tor with diverse physiological activities that include vaso-
we hypothesize that the occurrence of severe HTN in therelaxation, bronchodilation, neurotransmission, and plate-
face of marked up-regulation of eNOS and nNOS in the
affected tissues of animals with aortic coarctation may
be, in part, caused by enhanced inactivation of NO byKey words: aortic banding, reactive oxygen species, nitrotyrosine, blood
pressure, vasoconstriction, endothelial NOS. ROS. To test this hypothesis, we determined the abun-
dance of nitrotyrosine (which is the footprint of NOReceived for publication February 7, 2001
interaction with ROS) in tissues proximal and distal toand in revised form March 27, 2001
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operatively. Since in this model circulating humoral fac- tron homogenizer. Homogenates were centrifuged at
tors are identical on both sides of the coarctation, possi- 12,000  g for five minutes at 4C, and the supernatant
ble differences in nitrotyrosine content between tissues was used for determination of nitrotyrosine abundance.
proximal and distal to the coarctation reasonably could Protein concentration was determined by using a BCA
be attributed to the effect of baromechanical forces and protein assay kit (Pierce Inc., Rockford, IL, USA). Tis-
local as opposed to systemic biochemical events. sue nitrotyrosine abundance was determined by Western
blot using an antinitrotyrosine monoclonal antibody
(Upstate Biotechnology Inc., Lake Placid, NY, USA) asMETHODS
described in our earlier studies [14].Animal models
Male Sprague-Dawley rats with an average weight of Measurement of urinary NO metabolites
150 g were randomly assigned to the abdominal aorta con- The urinary nitric oxide metabolites (NO) concen-striction and sham-operated control groups. Under general tration was measured using the purge system of a Sie-
anesthesia with nembutal (50 mg/kg, IP), the abdomen vers NO analyzer (Model 270B; Sievers Instruments
was opened, and the abdominal aorta was surgically dis-
Inc., Boulder, CO, USA) as described in our previous
sected from the inferior vena cava at a site slightly above
studies [15]. Data were normalized against urinary cre-the renal arteries. A 21-gauge blunt needle was then placed
atinine content.along the side of the isolated aorta segment. Thereafter,
a 2-0 suture was tightly tied around the aorta and the Data analysis
overlying needle. The needle was then removed, thus
A t test was used in statistical analysis of the data,producing severe aortic constriction above the renal ar-
which are presented as mean  SEM. P values of lessteries. Animals assigned to the control group underwent
than 0.05 were considered significant.the same procedures without actual ligation of the aorta.
The animals were then observed for three weeks, during
which they were allowed access to regular rat chow and RESULTS
water ad libitum. They were housed in a climate con-
General datatrolled light-regulated space with 12-hour light and dark
cycles. At the conclusion of the three-week observation As expected, systolic arterial blood pressure, mea-
period, animals were placed in metabolic cages for a sured directly through a carotid catheter, was signifi-
timed urine collection. They were then anesthetized with cantly elevated in the banded group as compared with
intraperitoneal injection of nembutal (50 mg/kg) and the control group (203  9 vs. 137  1 mm Hg, P 
killed by exanguination using cardiac puncture between 0.001). However, creatinine clearance obtained at the
the hours of 8 a.m. and 11 a.m. Aorta segments above and conclusion of the study period in the banded group
below the banding site were resected. The surrounding (2.3  0-5 mL/min) was comparable with that found
adventitial tissues were removed, and the segments were in the sham-operated control group (2.5  0.9 mL/min,
washed with phosphate-buffered saline (PBS) and im- P  NS). No significant difference was found in urinary
mediately frozen in liquid nitrogen. Likewise, left ventri- NO excretion between the banded group (1117 
cle and brain were promptly harvested and snap frozen 218 mol/g creatinine) and the sham-operated control
in liquid nitrogen. All harvested tissues were then stored group (1288  160 mol/g creatinine).
at 70C until processed. Six animals were included in
each group. Nitrotyrosine values
Compared with the sham-operated controls, the bandedBlood pressure measurements
animals showed a marked increase in nitrotyrosine abun-In a subgroup of animals, blood pressure was directly
dance in the aorta segment above the constriction (P measured via a carotid cannula as described in our earlier
0.01; Fig. 1). However, nitrotyrosine abundance in thestudies [28, 29].
abdominal aorta below the constriction site was similar
in the two groups (P  NS; Fig. 2). Nitrotyrosine abun-Measurement of nitrotyrosine
dance was significantly increased in the brain tissue ob-Brain, heart, thoracic and abdominal aorta were pro-
tained from the banded group when compared withcessed for determination of nitrotyrosine. The tissues
that found in the control group (P  0.01; Fig. 3). As(25% wt/vol) were homogenized in a solution containing
with the thoracic aorta and brain, cardiac tissue nitro-50 mmol/L Tris-HCl (pH 7.4), 1% NP-40, 0.25% sodium
tyrosine abundance was significantly increased in thedeoxycholate, 150 mmol/L NaCl, 1 mmol/L EGTA, apro-
banded group as compared with the sham-operatedtinin, leupeptin, and pepstatin (1 g/mL each), 1 mmol/L
Na3VO4, and 1 mmol/L NaF at 0 to 4C using a poly- controls (P  0.01; Fig. 4).
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Fig. 1. Representative Western blot and group data depicting thoracic
aorta nitrotyrosine abundance in the sham-operated normal control
and abdominal aorta-banded (AAB) groups. N 6 in each group. *P Fig. 3. Representative Western blot and group data depicting brain
0.01. nitrotyrosine abundance in the sham-operated normal control and ab-
dominal aorta-banded (AAB) groups. N  6 in each group. *P  0.01.
DISCUSSION
Our aortic-banded animals exhibited a marked in-
crease in nitrotyrosine abundance in the aortic segment
proximal to the banding site compared with the corre-
sponding aortic tissue obtained from the sham-operated
controls. In contrast, nitrotyrosine abundance was not
increased in the abdominal aortic segment distal to the
level of coarctation. Nitrotyrosine abundance also was
significantly increased in the brain and cardiac tissues of
the banded animals when compared with the corre-
sponding tissues in the sham-operated controls. Overall,
the data showed marked increases in nitrotyrosine abun-
dance in tissues exposed to the sustained baromechanical
effects of HTN. In contrast, the abdominal aorta, which
was protected from the baromechanical effects of HTN,
exhibited no change in nitrotyrosine abundance.
In a previous study, we found marked up-regulation
of eNOS expression in the heart and the aortic segment
proximal to the coarctation and of nNOS expression in
brain tissue in this model. In contrast, there was no in-
crease in eNOS expression in the aortic segment distal
to the level of coarctation [10]. The latter findings are
consistent with those reported by other investigators in
animals with coarctation-induced HTN. For example,
Fig. 2. Representative Western blot and group data depicting abdomi-
Pucci et al (using a model of complete ligation of the ab-nal aorta nitrotyrosine abundance in the sham-operated normal control
and abdominal aorta-banded (AAB) groups. N  6 in each group. dominal aorta between the right and left renal arteries)
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the vascular tissues exposed to elevated pressure in this
model must be coupled with an even greater increase in
local ROS production. This phenomenon can readily
account for the constellation of increased nitrotyrosine
accumulation, regional HTN, and endothelial dysfunc-
tion seen in this model. It is of note that pulsatile stretch
has been shown to increase superoxide production and
activate nuclear factor-	B (NF-	B) in vascular smooth
muscle cells [32]. NF-	B, in turn, promotes transcription
of numerous factors, including the proinflammatory cy-
tokines. Thus, increased pulsatile stretch associated with
HTN can raise ROS production directly as well as indi-
rectly via stimulation of proinflammatory cytokines. As
noted previously in this article, ROS avidly reacts with
and inactivates NO leading to functional NO deficiency.
The latter, in turn, contributes to HTN and compensa-
tory up-regulation of eNOS expression as shown in our
earlier studies [33]. It is of note that despite marked up-
regulation of NOS isoforms in tissues located proximal
to the banding site [10], urinary NO in the banded ani-
mals was not increased when compared with the control
group. This phenomenon is most likely due to enhanced
sequestration of NO in the affected tissues as nitrotyro-
sine and other nitrated compounds, such as nitrocystein,
nitrated lipids, and nucleotides.Fig. 4. Representative Western blot and group data depicting heart
nitrotyrosine abundance in the sham-operated normal control and ab- Oxidative stress and enhanced NO inactivation by
dominal aorta-banded (AAB) groups. N  6 in each group. *P  0.01. ROS have been implicated in the pathogenesis of various
forms of HTN in experimental animals and humans
[11–26]. For example, lead-induced HTN is associated
with a marked increase in ROS activity coupled with areported a significant increase in NOS activity (within 1
marked reduction in NO availability despite significantto 2 weeks) in aortic tissue located proximal, but not
up-regulation of NO system [15, 16]. These events weredistal to the coarctation site [30]. In addition, using a sim-
associated with and were primarily due to avid inactiva-ilar coarctation model, Bouloumie´ et al have reported
tion of NO by ROS as evidenced by accumulation ofa significant endothelial dysfunction despite a marked
nitrotyrosine in various tissues [14]. The role of oxidativeincrease in eNOS expression in both heart and thoracic
stress in the pathogenesis of lead-induced HTN was fur-aorta when compared with the corresponding tissues in
ther supported by amelioration of HTN and the associ-the sham-operated controls [13]. The occurrence of en-
ated abnormalities of NO metabolism with antioxidantdothelial dysfunction and HTN in the face of marked
therapy [14–16]. In addition, there is evidence indicatingup-regulation of eNOS in this model is consistent with
a role for oxidative stress in the pathogenesis of HTNavid NO inactivation by ROS in the affected vascular
associated with chronic renal failure [18], cyclosporinebed. This supposition is supported by a significant accu-
therapy [19, 20], chronic consumption of a high-fat, high-mulation in the affected tissues of nitrotyrosine, which
refined sugar diet [24, 25], spontaneous HTN [21, 26],is the footprint of NO oxidation/inactivation by ROS.
salt-sensitive HTN [22], and pre-eclampsia [23]. Finally,Furthermore, endothelial dysfunction and vascular in-
the role of oxidative stress in the pathogenesis of HTNjury may be mediated by peroxynitrite, which is a potent
was convincingly demonstrated in a recent study in whichoxidant capable of injuring tissue through oxidation and
the induction of oxidative stress by glutathione depletionnitrosylation [7–9, 31].
resulted in severe, antioxidant-responsive HTN in genet-Elevation of nitrotyrosine abundance in tissues ex-
ically normotensive animals [17].posed to high pressure and its normality in the abdominal
In conclusion, oxidative stress, which has been shownaorta, which was not exposed to high blood pressure,
to play a major role in the pathogenesis of various ac-points to the role of baromechanical and local biochemi-
quired and genetic forms of systemic HTN, appears tocal factors as opposed to circulating humoral factors,
be also involved in the pathophysiology of regional HTN.which were uniform in both aortic segments. Accord-
ingly, the data suggest that increased NO production in Our study further points to the role of the baromechani-
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